Abstract-To realize the obstacle avoidance of a snake-like robot in unstructured environment, an asymmetric locomotion of snake-like robot is introduced. Imitating from the locomotion of natural snakes, the turn motion and the round motion of the snake-like robot are analyzed respectively. A CPG-based control system with parameter-transmitting characteristics is developed for control of the asymmetric locomotion. To verify the proposed control approach, both simulation and experiment of the snake-like robot for avoidance of an obstacle have been carried out.
I. INTRODUCTION
The ability to move efficiently in a complex environment is a key property of animals. Many biomimetic robots which are expected to operate in unpredictable complex environments where are difficult for human beings to access directly, such as rescue operation, nuclear power plants and so on have attracted much attention [1] [2] [3] . However, due to the complexities in the design of bio-inspired control system and dynamic modeling, it is difficult for the biomimetic robots to perform on various locomotion so livingly as the natural animals.
As a typical biomimetic robot, the snake-like robot has a unique motion pattern without any leg [5] . With an elongated and limbless body, snake performs many kinds of nimbler motions adapting to different kinds of environments. By using these advantageous characteristics of the natural snakes, the snake-like robots are expected to be applied to perform searching and rescuing tasks in an unstructured environment, where traditional mobile mechanisms cannot access well. The original works of Hirose [4] have given out the mechanism for imitating snake-like locomotion. During the process of progressing, due to the particular scales and ribs of the snake-like animals, the friction coefficient of the snake in the normal direction with respect to the main axis of the segment is significantly greater than the tangential one. By installing a passive wheel on snake-like robot, we can imitate these biological characteristics of the natural snakes. The propelling force of the serpentine motion of a snake-like robot comes from the interaction between the passive wheel and the ground by swinging the joints from side to side. This significant concept was successfully applied in developing the kinds of snake-like robots through elegant mechanical design, like [6] , and [7] .
This work was partly supported by the National Natural Science Foundation of China under Grant 60875083 X. Wu However, most of previous studies are limited to a symmetrical locomotion with fixed amplitude and phase difference among joints' angles. If we were merely concerned with producing a regular creeping motion of the snake-like robot in a flat or uniform environment, it would be convenient to introduce this symmetrical locomotion. However, with this kind of symmetrical locomotion pattern, it is difficult for the robot to steer to the desired direction of movement or adapt to a complex environment with a suitable gliding curve.
When a natural snake creeps over an unstructured terrain, it may change its body curve with an asymmetric locomotion to pass around rocks, branches, or other obstacles to move forward more efficiently [4] , [5] . In order to facilitate the avoidance of obstacles, an asymmetric locomotion of the snake-like robot should be generated to adapt to the environment. From some previous researches, the principle for the turning motion of a snake-like robot was presented in [8] . However, only qualitative results were given without detailed analysis of how to put it into practice. An obstacle aided locomotion has been proposed to enable adaptive locomotion of a snake-like robot in [9] . However, their robot depends too much on the obstacles and can not take a self-directed movement.
In this paper, by analyzing the asymmetric locomotion of the snake-like robot, two kinds of locomotion: turn motion and round motion have been proposed to avoid obstacles for the snake-like robot. How to realize these adaptive motions with CPG-based locomotion control is also investigated. Central pattern generator (CPG) is a neural oscillator existing in spinal cords of living animals. Such patterns are used as activation signals for muscle contractions in rhythmic locomotion of animals. In our previous research, this bioinspired approach has been adopted for the rhythmic creeping motion control of the snake-like robot [11] . By using the CPG as a basic oscillator for the joint angle in the robot, a CPG network with parameter-transmitting characteristic is adopted to produce the asymmetric locomotion of the snake-like robot. Furthermore, the asymmetric locomotion of the snake-like robot for avoiding obstacles is verified through both simulation and experiment. How to obtain desired motion for different obstacles by altering the CPG parameters is also analyzed.
This paper is organized as follows. How to avoid the obstacles with asymmetric locomotion is presented in section 2. The design of the CPG-based neuron network is discussed in section 3. In section 4, a simulation platform is developed for the analysis of the obstacle-avoiding locomotion of the snake-like robot. In section 5, experiments on a real snake-978-1-4244-4775-6/09/$25.00 © 2009 IEEE.
like robot have also been conducted to show the effectiveness of the locomotion control. Finally, the work of this paper is concluded in section 6. 
A. Asymmetric Locomotion
Snakes in nature can perform many kinds of movement to adapt to the environment. The body of the snake performs various curves to move across uneven ground with interspersed large and small rocks or plants. However, the traditional control of the snake-like robot with a symmetrical body curve is difficult to achieve adaptive locomotion. For this reason, an asymmetric locomotion needs to be investigated.
To realize the asymmetric locomotion, we will adopt the following motion control system. Each joint is treated as a correlative servo system, and the control system of the snake-like robot will therefore be constructed in a serial network structure. Initially, the snake-like robot creeps forward with symmetrical locomotion. When a locomotion modifying command from the high central nerve system is sent to the first joint, the motion configuration of the head joint would be altered. After a fixed interval, the modification of the first joint is shifted onto the second joint, and so on. Using this kind of motion control system, it is possible to transmit a wave all the way from the head to the tail, and realize an asymmetric locomotion of the snake-like robot without altering the whole creeping configuration. Furthermore, it allows smooth operation of actuators and also closely matches the body curve of a real snake. This is a close approximation of the motor-neural mechanism of a snake [4] .
Due to the fact that trajectory of each body segment which can follow the previous one in this locomotion control method, we need only plan the motion of the head module to obtain the desired locomotion. If we want to couple the information from sensor into the control system, we just need to collect the feedback signals from the head module. Compared with the research in which numbers of sensors are installed on each segment to perform adaptive locomotion [10] , this method will show its advantages on simplicity of control with sensors.
B. Obstacle Avoidance
A common behavior of most robots when they meet an obstacle in a forward direction is that they turn left or right to avoid the barrier. The snake-like robot can also perform a turn motion to avoid the obstacles. However, due to the characteristics of the creep motion of the snake-like robot generated by swinging the joints from side to side, the mechanism for performing a turn motion is totally different from that in wheeled drive robots.
When the rhythmic excitations exerted on each joint of the snake-like robot are sinusoidal waves, a symmetrical undulatory locomotion will be obtained. Since the winding angles to left and right balance out, the robot proceeds in a straight travel line on balance. However, as shown in Fig. 2 , if the amplitude of wave in half period is altered from A to B, this change will transmitted to the next joint successively after a interval Δt and thus the balance state will be shifted accordingly. Subsequently the overall moving direction of snake-like robot will be changed. Thus, a right or left turning motion can be executed just by exerting a positive or negative bias ΔA on the amplitude of the joints angle.
It is difficult to give a uniform rule like the left or right turn for wheeled drive robot to the snake-like robot. The turn direction of the creeping motion is mainly determined by two factors: the sign of bias ΔA and the direction of the head module at the time when signal begins shifting. If the orientation of the head is toward the right, a positive value of bias ΔA will carry out a left turn while a negative value of bias ΔA will cause a right turn. A completely reversed situation occurs when the orientation of head is toward the left. Herein the principle for controlling direction of the snake-like robot is shown in table I   TABLE I   THE RELATION BETWEEN THE With an elongated and limbless body, the natural snake can perform not only turn motion to avoid an obstacle, but also round motion to escape from irregular terrains. This is one of the most important characteristics of the natural snakes which are different from other animals. Utilizing this advantage of the snake, the snake-like robot can also creep through the barriers conveniently.
In order to achieve this kind of motion, the frequency of the excitation signal for the first joint angle is altered from A to B in half period, as shown in Fig. 3 . This change is transmitted to the next joint consecutively in the same way as that in turning motion. From Fig. 3 (a) , we can see that the increment of the signal period has brought a smaller phase difference between two adjacent joints angles. Thus the locomotion curve of the snake-like robot will have a larger diameter of the motion curve with smaller curvature. Consequently an asymmetric forward locomotion to pass around the obstacle is achieved.
III. CPG-BASED LOCOMOTION CONTROL
The rhythmic creeping motion of a natural snake is generated by the CPG mechanism. The CPG neural oscillators in the spinal cord stimulate the muscle extension and contraction to generate rhythmic swing of the body. By constructing an oscillation network mimicking the neural system of the animal, a series of successive rhythmic signals with the certain phase difference can be generated to realize the snake-like locomotion. Fig. 4 shows a CPG network implemented to control a snake-like robot, where one CPG module corresponds to one joint motor. Each CPG works as a basic neural oscillator to generate rhythmic signal for the angle of the robot joint.
A. Mathematical Model of CPG Network
Based on our previous work in [11] , a closed-loop CPG network with feedback connection is adopted for the control of a snake-like robot in this paper. The tri-neuron cyclic [12] , a CPG network includes n CPG modules which have m neurons can be described in a group of basic equations. For the j-th neuron of the i-th CPG module, its mathematical model can be described by
where n is the number of CPG modules in the network; m is the number of neurons in one CPG module; s is the serial number of neuron connected to the j-th neuron; u j,i is the membrane potentials of j-th neuron in the ith CPG module; v j,i is the variable that represents the degree of adaptation; u 0,i is the tonic driving input; τ 1,i and τ 2,i are the parameters that specify the time constants for membrane potential and adaptation degree, respectively; β is the adaptation coefficient; w is the weight between neurons; w ik is the connection weight of the i-th module from the k-th module; y j,i is the output of j-th neuron in i-th CPG module; y out,i is the output of the i-th CPG module.
B. CPG-controlled Obstacle Avoidance Motion
Based on the analysis of the asymmetric locomotion in section II, the modification of the first joint configuration in the snake-like robot needs to be transmitted one after another from the head segment to the rear with a fixed shift interval. Thus a parameter transmitting principle is proposed to generate a series of rhythmic signals with this characteristic. To perform an asymmetric locomotion for the snake-like robot to avoid obstacle with turn motion or round motion, the driving input u 0 and time constant τ 1 of CPG have been used to adjust the output amplitude and frequency due to their linear relation [11] . Since the value of the τ 1 /τ 2 is always a constant, only the value of τ 1 is considered as a variable. From the discussion in section II, a transmission procedure of CPG parameters to realize an asymmetric motion can be expressed by
Step1: Firstly, modify the CPG parameters of the first CPG (Head module) at the time t 0 . By giving a bias on the driving input or the time constant of CPG, the value of them in first CPG would be changed into u 0,1 + Δu 0 or τ 1,1 + Δτ .
Step2: After a fixed time interval Δt from the time t 0 , the parameters of second CPG follow the changed value of the first one. In the same manner, other CPGs will also alter their driving input u 0,i or time constant τ 1,i to follow that of previous CPG after a fixed time interval Δt.
Step3: After half period from the time t 0 , the bias on driving input or time constant of first CPG is taken off and the parameters return to their original value. The following CPGs will take the same process as that in Step2 to transmit the alteration of the CPG parameter.
As an example, the outputs of a 5-CPGs network with closed-loop connection for turn motion of the snake-like robot are shown in Fig. 6 . The parameters of CPG neuron are taken from Table. II, and these parameters are derived by trial-and-error considering the numerical condition for oscillation as described in [13] . Dashed line M is the time when the driving input u 0 of the first CPG is changed. After half period of rhythmic output, the driving input u 0 of first 
IV. SIMULATION ANALYSIS
From the above analysis, we know how the snake-like robot to avoid obstacles by a CPG-based control system in two different approaches. In order to know the relation between the CPG parameters and the variation in the locomotion, a simulation platform has been developed for the analysis of the asymmetric locomotion in Open Dynamics Engine (ODE) environment, as shown in Fig. 8 . In the simulation, the interaction between the robot and ground is modeled with asymmetric friction by using a larger normal friction coefficient μ N and a smaller tangential friction coefficient μ T . The actuators are installed on the joints of the robot to make each joint swing from side to side, like the behavior of a natural snake. The physical parameters of our snake-like robot platform are given in table III. The rhythmic output of the CPGs are implemented on the joints of the robot as the angle input signals. 
A. Simulation for Turn Motion
To testify the validity of the turn motion stated in section III, asymmetric locomotion of the snake-like robot for avoiding obstacle is conducted in the simulation, as shown in Fig. 9 . By adjusting the parameter driving input u 0 of the head oscillator, the traveling direction of the snake-like robot is altered when the snake-like robot encounters an obstacle. The white line in the figure is the locomotion trajectory of the snake-like robot. Due to parameter-transmitting characteristic of the CPG network, the waveform of locomotion is changed from the first head segment to the tail segment one by one.
To obtain the desired direction of travel for the snakelike robot, we need to figure out the relation between the turn angle and the bias of the driving input Δu 0 . A group of simulations are carried out with the same initial CPG parameters given in Table II . How the Δu 0 affects the turning angle is shown in Fig. 10 . As an example, Fig. 9 demonstrates a turn motion with the turning angle of 44
• and driving input Δu 0 = 3.5. 
B. Simulation for Round Motion
Based on the above analysis of the CPG-based control for a round motion of the snake-like robot, a changed motion curve can be performed by adjusting the time constant τ 1 (τ 1 /τ 2 =const). Fig. 11 shows the scenes of a snake-like robot rounding a cylindrical obstacle. The gliding curve of the robot body also changes from the head segment to the tail consecutively. From the white line in the figure, it is known that the motion of snake-like robot with an asymmetric curve has exhibited a smooth trajectory.
The time constant Δτ (τ 1 /τ 2 =1/3) keeps a particular relation with the maximum distance ΔD between the motion curve and the forward direction, as shown in Fig. 12 . Thus, the snake-like robot can creep with an adaptive gliding curve to avoid obstacles by adjusting the time constant suitably. The demonstration in Fig. 11 is a round motion with Δτ = 2.0 and ΔD = 0.21m.
V. EXPERIMENT
To testify the validity of CPG-controlled obstacle avidance, some experiments were carried out on our snake-like robot. The robot model is composed of 20 joints which are connected serially. A 2-DOF joint which can rotate on a vertical axis (yaw) or a horizontal axis (pitch) is located between every two links. Herein, we only consider the snake-like robot moving on a two-dimensional horizontal plane. The mechanical structure of the joint unit is shown in Fig. 13 . At the bottom of the robot, two passive wheels are mounted to realize asymmetric friction in normal and tangential directions. The specifications of the robot are shown in table IV. By implementing rhythmic outputs derived from the CPGbased control system onto the driving joints, the snake-like robot successfully exhibits creeping locomotion. As shown in Fig. 14 , an asymmetric locomotion curve of the snakelike robot is realized to avoid obstacles with turn motion. A round motion of the snake-like robot is also conducted experimentally as shown in Fig. 15 . In the experiments, a continuous locomotion curve of the snake-like robot is performed during the transmission of angle signals from the head joint to the tail joint. The snake-like robot has been proved to be successfully in performing adaptive locomotion by using the proposed CPGbased control method. However, the adaptive locomotion control that we present here is discussed separately. In order to realize reactions to more complex situations, an asymmetric locomotion of the snake-like robot coupling with both turn motion and round motion synchronously should be investigated in our future studies.
VI. CONCLUSIONS
In this paper, an asymmetric locomotion for the snakelike robot to adapt to an unstructured environment has been proposed. Inspired by the locomotion of the natural snake, Fig. 15 . Experiment scenes of the snake-like robot to avoid obstacle with round motion turn motion and round motion of the snake-like robot for avoiding obstacles have been analyzed, respectively. A bioinspired CPG network system has been proposed as the control method for the snake-like robot. The influences of the CPG parameters on the asymmetric locomotion of the snakelike robot were obtained. By implementing CPG neural oscillators into the simulation platform, the CPG-based turn motion and round motion control of the snake-like robot has been analyzed. It is shown that the desired locomotion of the snake-like robot can be obtained by adjusting the driving input or the time constant of CPG parameters. Experiments have also been conducted to show the validity of the proposed locomotion control method.
